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Layer-structured  Li-Ni-based  oxide  has  been  studied  extensively  as  the  promising  cathode  material  for 
lithium  ion  battery  because  of  its  lower  cost  and  higher  practice  capacity  compared  with  the  currently 
used  LiCo02.  In  this  study,  the  wide  solid  solutions  of  Mg-doped  LiNio.6-yMgyCoo.25IVIno.15O2  (0  ^ y  ^  0.08) 
with  the  layered  a-NaFe02  structure  were  synthesized  by  the  mixing  hydroxide  method.  The  capacity 
retention  of  LiNio.57Mgo.03Coo.25Mno.15O2  in  both  room  temperature  and  55  °C  was  increased  to  93%.  The 
oxidation  state  and  local  environment  of  transition  metals  (Ni,  Co  and  Mn)  were  studied  by  the  high  energy 
synchrotron  X-ray  absorption  spectroscopy  (XAS).  The  X-ray  absorption  near  edge  structure  (XANES) 
indicated  that  the  initial  valences  were  2+/3+,  3+  and  4+  for  Ni,  Co,  and  Mn,  respectively,  in  the  pristine 
LiNio.57  Mgo.03  C00.25  Mn0.i5  02 .  The  in  situ  XAS  study  with  the  cell  charge  to  5.2  V  showed  that  the  main  redox 
reaction  during  delithiation  was  achieved  by  Ni  (i.e.  Ni2+/Ni3+  -*  Ni4+).  The  EXAFS  data  also  exhibited  that 
the  bond  length  of  Ni— 0  decreased  drastically,  while  the  Co— 0  and  Mn— O  distances  exhibited  a  slight 
change  with  the  decrease  of  Li  content  in  the  electrode.  It  was  further  revealed  that  all  the  second  shell 
metal-metal  (Ni— M,  Co— M,  and  Mn— 0)  distances  decreased  due  to  the  oxidation  of  metal  ions  and  the 
contraction  in  a-axes  of  this  structure. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Rechargeable  Li-ion  batteries  with  the  high  energy  density  have 
become  the  most  used  power  sources  for  a  variety  of  portable  elec¬ 
tronic  devices  since  the  first  commercialization  of  the  battery  in 
1991  by  Sony.  Recently,  layer-structured  Li-Ni-based  oxides  have 
been  investigated  extensively  because  of  their  lower  cost  and  higher 
practice  capacity  as  compared  with  the  currently  used  LiCo02  cath¬ 
ode.  Among  them,  LiNi1_xCoxMny02  materials  are  reported  to  be 
the  most  attractive  ones  [1-4].  They  provide  a  satisfied  capacities 
and  the  good  cycleability  [3,4].  However,  there  are  still  safety  and 
resistance  concerns. 

In  literatures,  many  attempts  have  been  made  to  improve  the 
performance  of  cathode  materials  [5-8].  Cationic  substitution  for 
nickel  to  form  substituted  LiNi!_xMx02  (M  =  Fe,  Mg,  A1  and  Ti)  could 
stabilize  the  Ni-based  oxide  and  appeared  to  be  a  good  method  to 
modify  the  structural  and  electrochemical  performance  [5,9-12]. 
In  a  recent  work,  Mg-doped  LiNio.57 Mg0.o3Coo.25Mn0.i502  exhibited 
the  good  capacity  retention.  A  small  amount  Mg  substitution  for  Ni 
could  stabilize  the  structure  and  make  the  phase  transition  from  HI 
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to  H2  completely  during  cycling  test  [13].  The  thermal  stability  was 
also  improved  with  the  exothermic  temperature  rising  from  209  to 
250  °C. 

In  this  work,  the  phase  and  electrochemical  performance  at  high 
temperature  for  a  series  Mg-doped  LiNi0.6-yMgyCo0.25lVIno.i502 
(y  =  0,  0.01,  0.03,  0.05  and  0.08)  materials  were  investigated  to 
obtain  the  optimum  Mg  substitution  concentration.  Recently, 
extensive  researches  on  the  electronic  structure  have  been  car¬ 
ried  out  with  X-ray  absorption  spectroscopy  (XAS).  The  changes 
of  electronic  transitions  and  local  structure  at  Mn,  Co  and  Ni  K- 
edge  for  LiNi^Co^Mn^C^  were  examined  by  XAS  and  only 
Ni  atom  was  electroactive  upon  cycling  [14-16].  For  another 
layer-structured  cathode,  LiNio.5Mno.5O2,  it  was  found  that  the 
charge  compensation  was  achieved  mainly  by  the  two  step  oxi¬ 
dation  of  Ni2+  (Ni2+  to  Ni3+  first  and  then  Ni3+  to  Ni4+),  while 
the  manganese  ion  remained  unchanged  in  Mn4+  oxidation  state 
[17,18].  Especially,  in  situ  X-ray  absorption  spectroscopy  is  a  pow¬ 
erful  tool  to  observe  the  changes  during  electrochemical  reaction. 
Therefore,  in  this  study  the  environments  around  Ni,  Co  and 
Mn  ions  for  un-doped  and  Mg-doped  LiNi0.6-yMgyCo0.25lVIno.i502 
were  also  observed  by  the  X-ray  absorption  spectroscopy 
technique  to  discuss  the  mechanism  of  charge  compensation 
during  delithiation  to  high  voltage  5.2  V  in  the  cathode  materi¬ 
als. 
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Fig.  1.  XRD  patterns  of  LiNio.6-yMgyCoo.25Mno.15O2  as  a  function  of  Mg  doping 
amount  for  (a)y  =  0,  (b)y  =  0.01,  (c)y  =  0.03,  (d)y  =  0.05,  and  (e)y  =  0.08  (A  =  0.7749  A). 


Fig.  2.  (a)  Lattice  constant  a  and  (b)  lattice  constant  c  as  a  function  of  Mg  contents 
for  LiNio.6-yMgyCoo.25Mno.15O2. 


Fig.  4.  Discharge  capacity  as  a  function  of  cycle  number  at  (a)  room  temperature 
and  (b)  55  °C  for  LiNio.6-yMgyCoo.25Mno.15O2  (y  =  0,  0.01,  0.03,  0.05  and  0.08)  in  the 
voltage  range  3-4.5  V. 


Normailized  Absorption  (a.u.)  Normailized  Absorption  (a.u.)  Normailized  Absorption  (a.u.) 
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Fig.  5.  Normalized  XANES  spectra  of  (a)  Ni  K-edge,  (b)  Co  K-edge  and  (c)  Mn  K-edge 
for  pristine  LiNio.6Coo.25Mno.15O2  and  Mg-doped  LiNi0.57Mg0.03Co0.25Mn0.15O2. 


Fig.  6.  The  first  charge  curve  for  the  in  situ  LiNi0.57Mg0.03Co0.25Mn0.15O2  cell  from  3 
to  5.2 Vat  C/ 10  rate. 


2.  Experimental 

The  layered  LiNio.6-yMgyCoo.25Mno.15O2  (y  =  0,  0.01,  0.03,  0.05 
and  0.08)  compounds  were  synthesized  by  the  mixing  hydrox¬ 
ide  method.  The  aqueous  solution  of  NiS04-6H20,  CoS04-7H20, 
MnS04  and  MgS04  was  slowly  pumped  into  the  reactor,  mean¬ 
while  the  aqueous  solutions  of  NH4OH  and  NaOH  were  also 
fed  into  the  solution  at  a  constant  rate  to  adjust  the  pH  value 
at  12.  The  filtrated  precipitate  was  washed  several  times  to 
ensure  that  the  residual  ions  (Na+,  S042-  or  others)  were  almost 
removed.  The  [Ni0.6-yMgyCo0.25Mn0.i5O2](OH)2  product  was  dried, 
then  mixed  with  Li2C03  in  ethanol  using  a  mortar  and  pes¬ 
tle,  and  heated  to  900 °C  for  15  h  in  the  flowing  02  to  obtain 
LiNio.6-yMgyCoo.25Mno.15O2  (y  =  0,  0.01,  0.03,  0.05  and  0.08)  pow¬ 
ders. 

The  phase  identification  of  prepared  powders  was  carried  out 
in  the  transmission  mode  at  16keV  (A  =  0.7749  A)  in  the  National 
Synchrotron  Radiation  Research  Center  (NSRRC,  Taiwan).  The  expo¬ 
sure  time  was  3  min  and  XRD  spectra  were  recorded  on  the  Mar 
345-image  plate  detector. 

The  electrodes  were  fabricated  with  a  mixture  of  89  wt.%  cath¬ 
ode  powder,  2  wt.%  super  P,  4  wt.%  KS6,  and  5  wt.%  polyvinylidene 
difluoride  (PVDF)  binder  in  N-methyl-2-pyrrolidone  (NMP)  to 
obtain  a  slurry.  1  M  LiPF6  in  a  1 :2  (volume  ratio)  mixture  of  EC/DMC 
was  used  as  the  electrolyte.  Type  2016  coin-cells  (20  mm  in  diame¬ 
ter  and  1.6  mm  thick)  were  assembled  with  the  Li  foil  as  an  anode  in 
an  argon  glove  box  where  both  moisture  and  oxygen  content  were 
<1  ppm.  The  cells  were  cycled  at  C/5  current  rate  in  the  voltage  range 
of  3-4.5  V  at  room  temperature  and  55  °C. 

The  cell  designation  of  in  situ  XRD  experiments  was  similar  to 
the  regular  one  for  the  electrochemical  test.  To  have  in  situ  X-ray 
pass  through  the  cathode  electrode,  holes  with  4 rp  were  drilled  in 
the  upper  cover,  bottom  cover  and  Ni  spacer  of  the  2016  coin-cell 
and  followed  by  sealing  with  a  Kapton  film.  In  situ  XAS  experi¬ 
ments  of  metal  K-edge  were  performed  in  transmission  mode  at 
beam  line  BL-17C  in  the  National  Synchrotron  Radiation  Research 
Center  (NSRRC,  Taiwan).  The  energy  selection  was  actualized  by  a 
Si  (1 1 1 )  double  crystal  monochromator.  The  metal  foil  (Ni,  Co  and 
Mn)  was  employed  for  energy  calibration  in  each  scan  simultane¬ 
ously.  To  analyze  the  in  situ  XAS  data,  all  raw  absorption  spectra 
were  normalized  to  compare  the  regions  of  pre-edge,  near-edge  and 
post-edge.  For  extended  X-ray  absorption  fine  structure  (EXAFS) 


Normalized  intensity  (a.u.)  Normalized  intensity  (a.u.)  Normalized  intensity  (a.u.) 
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Fig.  7.  Normalized  (a)  Ni  K-edge,  (b)  Co  K-edge,  and  (c)  Mn  K-edge  XANES  spectra 
for  Lii-xNi0.57Mg0.03Co0.25Mn0.15O2  as  a  function  of  lithium  content*  during  charged 
to  5.2  V.  The  insets  show  the  pre-edge  feature  of  the  respective  XAS  spectra. 


Fig.  8.  Energy  shifts  of  Ni  K-edge  at  the  half-height  energy  for 
Li1_xNi0.57Mg0.03Co0.25Mn0.15O2  as  a  function  of  lithium  content  *  during  charged  to 
5.2  V. 


spectra,  pre-edge  background  was  subtracted,  and  then  normal¬ 
ized  with  respect  to  the  edge  jump.  The  normalized  x(E)  spectra 
were  converted  to  x(/<)  in  k  space.  The  k3 -weighted  x(/<)  data  ranged 
from  3.55  to  13.65  A-1  for  Ni  K-edge,  3.65  to  12.1  A”1  for  Co  K-edge, 
and  3.7  to  12  A-1  for  Mn  K-edge  were  Fourier  transformed  (FT)  to  r 
space  by  separating  the  EXAFS  contributions  according  to  different 
coordination  shells.  EXAFS  structural  parameters  were  obtained  by 
nonlinear  least-squares  analysis  using  phase  and  amplitude  func¬ 
tions  generated  by  FEFF7  code.  All  fitting  procedure  and  parameters 
including  the  coordination  number  (N)  and  the  Debye-Waller  factor 
were  executed  by  the  UWXAFS  3.0  software  package. 

3.  Results  and  discussion 

The  X-ray  diffraction  patterns  of  the  LiNio.6-yMgyCoo.25Mno.15O2 
(y  =  0, 0.01, 0.03, 0.05  and  0.08)  for  various  Mg  substitution  amounts 
are  shown  in  Fig.  1.  All  the  peaks  can  be  indexed  based  on  a 
hexagonal  a-NaFe02  structure  (space  group:  R-3m,  No.  166)  in 
which  oxygen  ions  are  in  a  close-packed  FCC  array  and  Li  and 
transition  metal  ions  occupy  the  3a  and  3b  octahedral  sites,  respec¬ 
tively,  on  the  alternate  (111)  plane.  Doping  does  not  change 
the  structure  and  no  impurity  phases  can  be  observed.  Fig.  2(a) 
and  (b)  shows  the  changes  of  lattice  constants  a  and  c,  respec¬ 
tively,  as  the  function  of  Mg  content.  As  the  Mg  substitution 
increases,  lattice  constants  of  LiNio.6-yMgyCoo.25Mno.15O2  increase, 
which  is  attributed  to  the  larger  radius  of  Mg2+  ion  (rMg2+  =  0.72  A, 
rNi2+  =  0.72A  and  rNi3+ =  0.56  A),  indicating  that  a  solid  solution  in 
the  range  of  Orgy  ^  0.08  for  LiNio.6-yMgyCoo.25Mno.15O2  is  formed. 
In  addition,  the  obvious  splits  of  (0  0  6, 1  0  2)  and  (1  0  8, 1 1  0)  cou¬ 
ples  suggest  an  ordering  layered  structure  for  these  materials. 

Fig.  3  shows  the  first  charge-discharge  profiles  of 
Li/LiNio.6-yMgyCoo.25Mno.i502  (y  =  0,  0.01,  0.03,  0.05  and  0.08) 
cells  in  the  potential  range  3-4.5  V  cycled  at  0.2  C  current  rate. 
The  Li/LiNi0.6-yMgyCoo.25Mn0.i502  cells  exhibit  smooth  and 
monotonous  voltage  curves  and  the  plateaus  of  charge  decrease 
slightly  with  Mg  substitution.  The  large  irreversible  capacity  of  the 
first  cycle  was  mainly  due  to  the  SEI  formation  [19]  and  the  incom¬ 
plete  reduction  of  Ni4+  ions  [14].  Fig.  4  shows  the  discharge  capacity 
at  both  room  temperature  and  55  °C  as  a  function  of  cycle  number. 
The  increase  of  initial  capacity  at  55  °C  is  attributed  to  the  higher 
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Fig.  9.  Fourier  transformed  spectra  of  the  (a)  Ni  K-edge,  (b)  Co  K-edge,  and  (c)  Mn 
K-edge  for  Li1_xNi0.57Mg0.03Co0.25Mn0.15O2  as  a  function  of  lithium  content  x  during 
charged  to  5.2  V. 


mobility  of  Li  ions.  It  appears  that  a  small  amount  of  addition  Mg  in 
LiNio.6-yMgyCoo.25Mno.15O2  can  improve  the  cycling  performance, 
especially  the  capacity  retention  at  high  temperature.  In  both 
cases,  the  sample  with  y  =  0.03  exhibits  the  best  electrochemical 
performance.  The  initial  capacity  of  LiNio.57Mgo.03Coo.25Mno.15O2 
is  214  mAh  g-1  and  has  an  excellent  cyclic  performance  with  only 
7%  capacity  loss  after  30  cycles  at  both  temperatures. 

Meanwhile,  the  valence  of  transition  metal  ions  for 
LiNio.6-yMgyCoo.25Mno.15O2  sample  is  studied  by  the  X-ray  absorp¬ 
tion  spectroscopy  technique.  Fig.  5  shows  the  normalized  Ni,  Co,  and 
Mn  K-edge  X-ray  absorption  near  edge  structure  (XANES)  spectra 
for  pristine  LiNio.6Coo.25Mno.15O2  and  LiNio.57Mgo.03Ooo.25Mno.15O2 
powders  with  their  reference  compounds.  The  XANES  analysis 
provides  a  deep  insight  into  the  oxidation  state  and  local  environ¬ 
ment  of  the  absorber  atoms.  The  Ni  K-edge  spectrum  in  Fig.  5(a) 
reveals  that  in  comparison  with  pristine  LiNio.6Coo.25Mno.15O2, 
a  slight  edge  shift  to  high  energy  is  observed  in  the  Mg-doped 
LiNi0.57Mg0.03Co0.25Mn0.15O2.  A  previous  XPS  study  showed  that 
valence  of  Ni  was  a  mixture  of  2+  and  3+  for  LiNio.6Coo.25Mno.15O2 
[4].  This  indicates  that  the  oxidation  state  of  Ni  increases  with  the 
substitution  of  Mg2+  ions.  In  contrast,  there  is  no  apparent  shift 
in  Co  and  Mn  K-edge  XANES  spectra,  implying  that  their  valences 
are  not  affected  by  the  Mg  doping.  The  oxidation  states  for  Co  and 
Mn  are  3+  and  4+,  respectively,  in  both  LiNio.6Coo.25Mno.15O2  and 
LiNio.57 Mgo.03 C00.25 Mno.15 O2  samples. 

Fig.  6  shows  the  voltage  profile  of  the  in  situ 
Li/LiNi0.57Mgo.o3Coo.25Mn0.i502  cell  charged  at  the  current 
rate  of  C/10  (0.288  mA)  to  5.2  V.  In  order  to  extract  all  lithium 
ions  out  of  the  host  structure  and  to  further  study  the  struc¬ 
tural  change,  the  cut-off  voltage  was  set  higher  than  the  normal 
one.  The  calculated  capacity  at  5.2  V  was  around  313  mAh  g-1, 
which  was  larger  than  the  theoretical  one  of  275mAhg_1  due 
to  the  decomposition  of  electrolyte  at  the  high  voltage.  Fig.  7 
shows  the  in  situ  Ni,  Co,  and  Mn  K-edge  XANES  spectra  for 
Lii-xNio.57Mgo.03Coo.25Mno.15O2  cathode  material  as  a  function  of 
x.  The  value  of  x  is  calculated  from  the  specific  capacity  divided 
by  the  theoretical  one.  The  chemical  shift  in  the  metal  K-edge 
spectra  has  a  correlation  with  the  oxidation  states  of  the  absorber 
atoms.  As  x  increases  from  x  =  0  to  x  =  0.63  in  Fig.  7(a),  the  Ni 
K-edge  energy  continuously  shifts  to  higher  energy,  indicating  the 
increasing  oxidation  state  of  Ni.  The  energy  shift  at  the  half-step 
height  used  as  an  indicator  of  oxidation  state  of  active  Ni  is 
plotted  with  Li  contents  in  Fig.  8.  As  compared  with  the  reference 
compounds,  it  is  clearly  seen  that  the  nickel  valence  in  the  pristine 
LiNio.57 Mg0.03Co0.25Mn0.15O2  before  charge  is  a  mixture  of  Ni2+ 
and  Ni3+.  As  expected,  the  valence  of  Ni  continuously  increases 
in  the  range  of  0<x<0.63.  The  oxidation  process  of  nickel  ions 
compensates  the  charge  during  delithiation  and  provides  the 
capacity.  With  further  deintercalation  of  lithium  ions  from  x  =  0.63 
to  x  =  1  in  the  higher  voltage,  there  is  no  more  shift  in  the  energy  of 
Ni  K-edge  XANES,  suggesting  that  Ni2+  and  Ni3+  are  fully  oxidized 
to  Ni4+. 

For  Co  K-edge  spectrum,  it  is  noted  that  the  variation  in  Fig.  7(b) 
has  a  different  trend  as  compared  with  Ni  K-edge.  It  shows  an 
obvious  shape  change  of  the  Co  absorption  spectrum,  indicating 
that  Li-intercalation  causes  the  change  in  electronic  structure  of 
Co  atoms  [20-22].  It  was  found  that  the  charge  compensation  for 
Li-deintercalation  was  closely  associated  with  the  rehybridization 
of  Co  and  O  orbitals  [20,23].  The  previous  calculation  showed  that 
Co3+/Co4+  redox  reaction  would  occur  in  the  range  of  2/3  ^x^l 
for  Lii_xNi1/3Co1/3Mn1/302  [24].  In  this  work,  the  small  energy 
shift  is  observed  in  the  pre-edge  region  for  Co  K-edge  XANES, 
demonstrating  that  Co3+/Co4+  oxidation  reaction  occurs  during 
delithiation.  Besides,  it  is  supposed  that  part  of  charge  compen¬ 
sation  in  high  voltage  range  (4.7-5.2V)  is  also  achieved  via  the 
oxidation  of  electrolyte.  In  the  case  of  Mn  K-edge  XANES  shown 
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Table  1 

Structural  parameters  from  the  curve  fitting  results  for  Ni  K-edge  EXAFS  of  Li1_xNi0.57Mg0.03Co0.25Mn0.15O2  during  charge:  CN  is  the  coordination  number  at  this  distance  and 
cr2  is  the  Debye-Waller  factor. 


Table  2 

Structural  parameters  from  the  curve  fitting  results  for  Co  K-edge  EXAFS  of  Li1_xNi0.57Mg0.03Co0.25Mn0.15O2  during  charge:  CN  is  the  coordination  number  at  this  distance  and 
cr2  is  the  Debye-Waller  factor. 


x  in  Li:_x 

Co— 0  CN 

Co— 0  distance  (A) 

or2  (10-3) 

Co— M  CN 

Co— M  distance  (A) 

<x2  (10-3) 

J?-factor 

0.00 

6 

1.926 

3.17 

6 

2.857 

3.83 

0.003052 

0.08 

6 

1.923 

3.24 

6 

2.852 

3.84 

0.002732 

0.18 

6 

1.923 

3.33 

6 

2.849 

3.82 

0.003988 

0.30 

6 

1.918 

3.28 

6 

2.843 

3.77 

0.003724 

0.42 

6 

1.912 

3.33 

6 

2.833 

3.68 

0.003575 

0.54 

6 

1.901 

3.44 

6 

2.814 

3.39 

0.004507 

0.65 

6 

1.896 

3.58 

6 

2.813 

3.32 

0.005074 

0.76 

6 

1.890 

3.57 

6 

2.815 

3.42 

0.005124 

0.93 

6 

1.888 

3.65 

6 

2.819 

3.50 

0.006143 

1.00 

6 

1.884 

3.90 

6 

2.821 

3.63 

0.008438 

Table  3 

Structural  parameters  from  the  curve  fitting  results  for  Mn  K-edge  EXAFS  of  Li1_xNi0.57Mg0.03Co0.25Mn0.15O2  during  charge:  CN  is  the  coordination  number  at  this  distance 
and  cr2  is  the  Debye-Waller  factor. 


x  in  Lii_x 

Mn— O  CN 

Mn— O  distance  (A) 

a2  (10-3) 

Mn— M  CN 

Mn— M  distance  (A) 

a2  (10-3) 

K-factor 

0.00 

6 

1.919 

3.86 

6 

2.874 

5.87 

0.017673 

0.10 

6 

1.918 

3.86 

6 

2.871 

5.86 

0.017207 

0.21 

6 

1.918 

4.07 

6 

2.866 

6.06 

0.017927 

0.32 

6 

1.916 

4.04 

6 

2.855 

5.88 

0.016798 

0.44 

6 

1.913 

4.34 

6 

2.845 

6.30 

0.014802 

0.56 

6 

1.909 

4.44 

6 

2.821 

5.91 

0.013723 

0.67 

6 

1.906 

4.13 

6 

2.820 

5.59 

0.010836 

0.70 

6 

1.909 

4.26 

6 

2.818 

5.57 

0.015606 

0.82 

6 

1.912 

4.62 

6 

2.817 

5.67 

0.012817 

0.96 

6 

1.913 

4.45 

6 

2.820 

5.59 

0.015956 

in  Fig.  7(c),  some  shape  changes  show  up  without  a  rigid  peak 
shift,  indicating  that  the  local  environment  around  Mn  ions  is 
altered  during  charge.  Actually,  oxidation  state  of  Mn  in  the  pris¬ 
tine  LiNi0.57Mg0.03Co0.25Mn0.15O2  powder  is  already  4+,  and  would 
not  be  oxidized  further  with  Li  deintercalation.  The  role  of  inac¬ 
tive  Mn4+  ions  in  layer-structured  cathode  materials,  such  as 
Li1_xNi1/3Co1/3Mn1/302  and  Li1_xNi1/2Mn1/202,  is  always  to  stabi¬ 
lize  the  structure  [24-27]. 

Fig.  9  shows  the  Fourier  transform  magnitudes  for  Ni,  Co  and  Mn 
K-edge  EXAFS  spectra  during  charge.  The  first  peak  at  around  1.9  A 
is  attributed  to  the  six  nearest  neighboring  oxygens  around  Ni,  Co 
and  Mn  absorbers.  The  second  peak  at  2.8  A  is  assigned  to  the  six- 
coordinated  transition  metal  Ni/Co/Mn  ions  around  the  absorber 
atom  in  transition  metal  layer.  It  is  revealed  that  on  delithiation 
Ni— 0  distance  varies  dramatically,  while  the  changes  for  Co— 0  and 
Mn— O  distances  are  rather  negligible.  The  reason  is  that  the  charge 
compensation  mainly  occurs  at  the  Ni  sites,  resulting  in  a  significant 
decrease  in  the  average  Ni— 0  distance.  Besides,  the  peak  ampli¬ 
tude  of  Ni— O  and  Ni— M  bonds  in  the  Ni  K-edge  EXAFS  spectrum 
increases  upon  charge.  According  to  previous  studies  [28,29],  Ni3+ 
exhibited  Jahn-Teller  distortion  with  contributions  from  4  O  atoms 


in  the  shorter  distance  of  1.92  A  and  2  O  atoms  in  the  long  distance 
of  2.06  A,  while  Ni4+  had  a  regular  octahedral  coordination  with  6 
O  atoms  at  1.88  A.  Therefore,  the  increase  in  peak  amplitude  is  due 
to  the  decrease  of  Jahn-Teller  Ni3+  ions  during  the  deintercalation 
of  Li  ions. 

The  structural  parameters  obtained  by  fitting  the  first  two  peaks 
of  FT  spectra  are  listed  in  Tables  1  -3  for  Ni,  Co  and  Mn  K-edge  EXAFS, 
respectively.  All  the  values  of  R- factor  for  the  fitting  data  are  smaller 
than  0.02,  indicating  a  good  fitting  and  consistence  with  the  model. 
At  the  pristine  state,  bond  lengths  are  1.95, 1.93  and  1.92  A  for  Ni— O, 
Co— 0  and  M— 0,  respectively.  The  bond  length  of  Ni— 0  is  between 
2.05  A  for  Ni2+— O  and  1.93  A  for  Ni3+— O  [  14],  which  again  confirm¬ 
ing  the  coexistence  of  Ni2+  and  Ni3+  in  LiNi0.57Mg0.03Co0.25Mn0.15O2. 
During  delithiation,  the  dramatic  decreases  in  Ni— O  and  Ni— M  bond 
distances  are  observed.  The  first  shell  Ni— 0  length  decreases  to 
1.88  A  for  the  end  compound  Ni0.57Mg0.03Co0.25Mn0.15O2,  which  is 
consistent  with  the  calculated  Ni4+— O  bond  length  [24].  From  these 
tables,  it  clearly  demonstrates  that  the  variation  in  Mn— 0  distance 
is  the  least  (only  0.01  A),  while  that  of  the  Ni— O  distance  is  the 
largest,  i.e.  0.07  A  during  the  whole  charge  process.  In  contrast, 
the  change  of  the  second  shell  metal  to  metal  (Ni— M,  Co— M  and 
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Mn— 0)  distances  almost  varies  by  0.05  A  between  the  initial  and 
fully  charge  state.  The  bond  distances  of  Ni— M,  Co— M  and  Mn— M 
decrease  upon  charging,  which  correspond  to  the  contraction  of 
lattice  constant  “a”  on  the  transition  metal  plane  of  this  structure 
[30]. 

4.  Conclusions 

LiNio.6-yMgyCoo.25Mno.15O2  (y  =  0, 0.01, 0.03, 0.05  and  0.08)  were 
synthesized  by  the  mixing  hydroxide  method.  Mg  substitution  did 
not  change  the  phase  and  no  impurity  was  observed,  indicating  that 
a  homogeneous  solid  solution  could  exist  in  the  range  of  0  ^  y  ^  0.08 
for  LiNio.6-yMgyCoo.25Mno.15O2.  The  capacity  retention  was  highly 
improved  by  the  Mg  dopant,  especially  in  the  high  temperature 
of  55  °C.  LiNi0.57Mg0.03Co0.25Mn0.15O2  exhibited  an  excellent  cyclic 
performance  with  93%  retention  after  30  cycles.  The  XANES  data 
demonstrated  that  Mg  substitution  could  only  change  the  valence 
of  Ni.  The  initial  oxidation  states  for  Ni,  Co  and  Mn  are  2+/3+,  3+, 
and  4+,  respectively.  During  charge,  the  main  charge  compensation 
occurred  by  the  oxidation  of  Ni  and  Co  ions,  and  the  peak  amplitude 
in  the  Fourier  transformed  spectra  of  Ni  K-edge  increased  owing  to 
the  decrease  of  Jahn-Teller  ion  Ni3+.  In  contrast,  valences  of  Mn4+ 
remained  unchanged  even  at  5.2  V.  In  the  high  voltage,  the  charge 
compensation  was  achieved  not  only  by  the  oxidation  of  Co3+  but 
also  by  the  side  reaction  of  electrolyte. 
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